The present study was undertaken to evaluate of Nigella sativa oil (NSO) and zinc-silver cream in a rat model of wound healing by means of clinical appearance, histopathology, oxidative stress parameters, and biomechanical tests. The rats were divided into three groups, each having twenty animals. Group 1 served as a control having wound. Other two groups received either NS oil or zinc-silver cream in addition to the wound. The study was initiated after the animals rested for 2 weeks for acclimation. Blood samples were collected from 10 randomly selected animals from each group at days 0, 3, 7 and 14 for oxidative stress measurements. Differences among groups for blood lipid peroxidation and antioxidant values were determined with respect to biochemical oxidative stress results (P<0.01). Wound sites of 10 animals from each group were allocated for histopathological examinations, and those of the remaining 10 animals from each group were used in biomechanical testing. Histopathological examination revealed that epithelization occurred in all groups. Inflammatory response with an intensive vascularization was present in the samples of the silver group (P<0.01). Consequently, zinc-silver group has differed positively in terms of biochemical and biomechanical and histological aspects compared to other groups for wound healing and oxidative stress.
Introduction
Wound healing is a multifactorial process which results in contraction and closure of the wound and restoration of a barrier. Repair of injured tissues occurs in the order in which events occur, including inflammation, proliferation, and migration of various cell types (27) . It is a permission that reactive oxygen species (ROS) which are injurious to the wound healing process due to the detrimental effects on cells and tissues (3) . Oxidative stress and free radicals have been implicated in impaired wound healing. Topical applications of products with free-radical-purifier properties in animals have shown that the improvement was significantly on wound healing and protecting tissues from oxidative damage (28) . Defense Ankara Univ Vet Fak Derg, 67, [33] [34] [35] [36] [37] [38] [39] [40] 2020 systems that function in the body are called antioxidants. Their task is to prevent the formation of ROS to prevent the damages of these substances and provide detoxification (16, 24) .
The uses of natural products, as well as wound dressings with or without antiseptics, are continuously increasing as a consequence of infections related to resistant bacteria in the wound sites (15) . There have been numerous studies conducted on wound healing in the recent decade (5, 12, 13) . Materials containing silver ions at different concentrations release them into wound sites at various rates. These silver ions bind to the bacterial cell walls and enzymes. Then, they disrupt the bacterial cell wall structure and consequently prevent bacterial colonization at the wound site. Recently, silver has emerged as an alternative treatment option for combating infection in tissue-injured wounds as well as a treatment for chronic ulcers. Eventually, various silver-based preparations have been introduced to the market in the last few years (5, 13) .
Experimental studies have shown that unsaturated fatty acids and essential oils, which constitute the most important chemical composition of Nigella sativa oil (NSO), have a wide range of pharmacological effects similar to antipyretic, analgesic, anti-inflammatory, and antimicrobial drugs. It is known that NSO has been used for various medical treatment purposes due to beneficial effects (14, 30) . There are several studies reporting that NSO has antioxidant properties (10, 31) . In addition to the antimicrobial and anti-helminthic effects (1, 4) , it has been shown through clinical and experimental studies that NSO also has anti-inflammatory (19) , anti-tumoral (29) , antidiabetic (20) , and antiulcerogenic effects (2) .
This study aims to investigate the effects of Zincsilvercream containing nanosilver and NSO on wound healing in a rat wound model through clinical, biochemical, and histological studies.
Material and Methods
The study was conducted following the approval of the Kırıkkale University Local Ethics Committee for Animal Experiments (13/06).
Animals: Sixty healthy adult male albino Wistar rats weighing between 250-300 g were used in the study. The rats were fed a standard rat diet during the study period. Feed and water were given as ad libitum. Rats were divided into 3 groups: 2 treatment groups (NSO group n = 20 and zinc-silver group n = 20) and 1 control (control group n = 20). Each group contained 20 animals. Animals were allowed to acclimate for 10 days before treatment.
At the beginning of the study, blood samples were collected from 10 randomly selected animals for control purposes and used in oxidative stress measurements. These animals were rested for 10 days before any surgical applications. The wound was created in all animals by a surgical application. Prior to surgery, animals were treated with 4 mg/kg xylazine hydrochloride, 45 mg/kg ketamine hydrochloride for anesthesia. A 4 x 4 cm area was shaved on the back of the subjects and a full layer (dermis + epidermis) defect (wound) was created with a 20 mm diameter sterile punch biopsy instrument after the necessary antisepsis was achieved. For post-operative analgesia, subjects were administered flunixin meglumine subcutaneously at a dose of 2.5 mg/kg. Starting at the day of surgery, a cold cream containing NSO was applied to the NSO group, and a Zinc-silver cream was applied to the nano-silver group once a day for 14 days. The rats in the control group received physiological saline in a similar manner. The wound site was not covered with any kind of dressing. During the study, all animals were caged separately.
On the 14 th day of the study, the animals were sacrificed under deep anesthesia, and then 10 animals from each group were used for histological examination, and the remaining 10 animals were used for biomechanical measurements. In addition, wound healing site was evaluated clinically and then photographed.
Biochemical analyses: Blood samples were taken from the heart and collected into both anticoagulated and non-anticoagulated tubes from 10 randomly selected animals from each group on days 0, 3, 7, and 14 of the study for biochemical analyses. The lithium heparinanticoagulant blood samples was centrifuged at 3000 rpm for 10 min at +4 °C to obtain plasma. Blood taken to nonanticoagulated tubes were centrifuged for 10 min at 3000 rpm, and then the serum were separated. Plasma and serum samples were stored at -80 0 C until analysis. Among oxidative stress markers, Malondialdehyde (MDA) levels in plasma samples were determined by a plate reader as reported by Buege and Aust (8) . Furthermore, enzyme activities of catalase (CAT) and superoxide dismutase (SOD) were determined by using commercial ELISA test kits by obtaining a double reading. The amount of nitric oxide in serum samples was determined by the "Vanadium-3-chloride-Gries Reaction" method (21) .
Histopathological examinations: The skin samples were collected at the wound sites in 1 cm 2 size and kept in 10% formaldehyde. Fixed tissues were passed through a graded alcohol series and blocked in paraffin through a routine histology procedure. Serial sections at a thickness of 5 μm were taken from paraffin blocks at an interval of 300 μm. Sections were stained with Crossman's modified triple staining technique (11) and examined under a light microscope. Histologic sections were assessed semiquantitatively for changes in the epithelium, inflammatory reaction, and vascularization by using a modified wound scoring from 0 to 4 ( Table 1 ) (17). Biomechanical tests: For biomechanical tests, skin samples at a size of 2 x 2 cm, which includes the wound site, were excised out and placed in physiological saline. Measurements were made within 2 hours on fresh tissues. The skin samples, of which the panniculus layer was already removed with prerecorded size, were placed in the machine for tension and tear ( Figure 1 ). Tissue specimens for mechanical testing were measured mechanically with the aid of a tissue stretching and tear-off device. 
Results
During the study, there were no unexpected conditions that could affect the course or results of the study. And death was not seen. The wound closure period was the fastest in the control group, and secondly in the silver group, and the lowest in the NSO group. The wound closure rate in mm with respect to time is graphed in Figure 2 . In the control group, the wound line was completely closed in all animals on the 14 th day. In the silver group, on the 14 th day, the closure rates were close to the control group, but the wound closure was incomplete, and there were wound incrustation in some animals. In the NSO group, the wound contraction rate was the least, and the wound incrustation was observed in more subjects than the latter groups. However, there were no statistically significant differences among groups for the wound closure rate (P>0.05).
Among the oxidative stress parameters, blood lipid peroxidation and antioxidants including MDA, NO, and CAT were measured with the presence of statistically significant differences among groups (P<0.01). Compared either to initial blood samples or to the other groups, animals in the control group had the highest serum MDA level while the highest NO level was observed in animals of the silver group. Some increases were detected in all groups compared to pre-study SOD value. However, the highest increase was observed in the control group. But, these increases were not statistically significant ( Table 2) .
Histopathological examinations were evaluated in terms of epithelialization, inflammation, and vascularization at the wound site. The best epithelialization rate was observed in the NSO group, secondly in the control group, and the least in the silver group (Figure 3) . The severity of inflammation was the highest in the silver group and the lowest in the NSO group. The degree of vascularization in the silver group was higher compared to the other groups, control, and the NSO groups, both of which had a similar degree of vascularization. There was a negative correlation between epithelialization and severity of inflammation in all groups (P<0.01). Unlike the other groups, a positive correlation was found between inflammation and vascularization in the NSO group (Table 3) . Table 3 . The modified scoring system data for histological evaluation of artificial wounds in rats. In the control group, it was determined that no load could be carried during the biomechanical tests despite the good completion of the epithelialization in the histopathological examination. As seen in Figure 4 representing the control samples, the tissue was Instantaneously ruptured from the wound site during the tension and tear test, and there was a brief decrease in the tissue load carrying capacity. The first breakpoint on the test chart of the control group shows that the holding force of the wound is very low.
Control group Zinc-silver group NSO
There were statistically significant differences among groups for a time, load, tissue tension, and stress based on the tissue tension and tear test (P<0.01). In the tissue tension and tear test, the control group had no durable skin resistance despite the best wound healing appearance ( Table 4 ). The strongest tissue to bear the highest load was those in the silver group ( Figure 5) . Then, all of the data were evaluated in Table 4 , and mean values were found to be relatively high. Data are expressed as mean ± SE (n= 10). ( * ) Indicates significant differences among groups P< 0.01. 
Discussion and Conclusion
Wound closure involves a series of events and concomitant interaction of numerous molecules including antioxidants (22, 23, 26) . Antioxidants are substances that prevent the progression of peroxidation and reacts quite rapidly with radicals. Since free radicals play a definite role in the pathogenesis of wound, antioxidant activity has been investigated in many studies (6) . The results of our study showed that topical silver application increases antioxidant activity by inhibiting lipid peroxidation, and also NO level increases in the silver group when compared to baseline values ( Table 2 ). These results confirm the potent wound healing activity of silver. Thus, the wound healing activity may occur because of the potent-radicalscavenging activity. Lipid peroxidation begins as a consequence of free radicals oxidating polyunsaturated fatty acids. MDA is the last product of lipid peroxidation (9, 22, 23, 26) . Increase in the serum MDA levels occurs either as a consequence of an increase in free radicals in the body or reduced antioxidant defense mechanisms. In the present study, the highest increase in serum MDA level was observed in the control group while the silver group had the lowest increase. This confirms that nanosilver may have a reducing effect on the lipid peroxidation products, or it may itself have a strong antioxidant effect (9, 22) .
The increase of free radicals and lipid peroxidation in injured tissue may thereby predispose to accelerated catalase and catalytic activity for poor wound healing and organ failure because of the disrupted cell membrane structure and permeability (16) . In the present study, the lowest plasma serum CAT level was observed in zincsilver group. This result may be due to possible antiinflammatory effects (9, 22) .
SOD is known as a protective enzyme against oxidative stress, which converts superoxide radical to hydrogen peroxide and to molecular oxygen. During the study, a further increase in the SOD activity was found in the control group as compared to the other groups. Also, in this study, there were some changes seen in SOD levels in all the groups; however, no statistically significant change was observed. Thus, SOD may not be involved in the healing process of the rat wound model we applied.
NO production is an expected outcome during a normal wound healing process. Some studies have reported that nitric oxide synthase inhibitors delay wound healing, while the administration of nitric oxide accelerates wound healing (22, 26, 32) . Some authors have reported that inducible nitric oxide synthase (iNOS) reaches peak levels 4 -6 days after wound formation and accelerates wound healing (9) . Studies have shown that nitric oxide is effective in wound healing, and also that it plays an important role in collagen accumulation (7, 18, 25) . Increase in NO level may accelerate wound healing by increasing angiogenesis, endothelial and epithelial cell proliferation, and migration (26) . In our study, serum NO levels in all study groups were found to increase during the study period according to the control measurements, and they reached their highest level on the 7 th day. The increase of NO level to the maximum level in the nanosilver group on the 14 th day (after collecting the laboratory samples) suggests that the best contributory effect in the wound healing processes is in this group. This was also confirmed by histopathological examination and mechanical tests.
Silver is widely used in wound healing due to its antiinflammatory and antiseptic effects, although there are also some data causing controversies as well. In fact, even though nano-silver-containing products for clinical applications are currently in use, it is also possible to encounter many opposing views within these multiple data sets. It is clear that commercial nano-silver-containing products that have been tested for a cytotoxic activity will contribute to further knowledge about the subject, supported by further, planned in vivo studies in terms of antibacterial effects and inflammation. It is thought that some data obtained in the present study are similar to other groups, and there are statistical differences between them, but still, it is thought that the silver group is superior to other groups in terms of wound healing. Histologically, the reason for the increase in inflammation compared to the other groups is thought to be that the nanosilver stimulates the inflammatory response and contributes to the formation of connective tissue. The silver group, which has been found to be the best group for tissue bond development, has also been the group with the highest load carrying capacity (21.95 N) in the tissue stretching and breakout test; thus, making it the best group for skin healing. It has been concluded with the post healing data, zinc-silver group differs positively in terms of clinical and biochemical and histological aspects compared to other treatment groups, and thus it may be a clinically useful product for wound healing.
Studies on experimental burn wounds in rats have reported that epithelialization and granulation are better in subjects treated with NSO than in other groups (30) . In the present study, the NSO group's epithelization in the histological section was found to be the best group that contradicts with the previously published articles. The inflammatory response was found to be at the least level in NSO group as well. In the histological evaluation, Epithelization and connective tissue proliferation were better in NSO group compared to those in the control group (Figure 4) . But, vascularization and connective tissue formation were found to be lower compared to those in the silver group. This finding is also supported by the tissue tensile tear test results of the study (Figure 6 ). Mechanical resistance is a characteristic that determines the quality of healing in skin wounds. The mechanical properties of the skin are used to examine changes in the skin due to aging or in vivo or ex vivo evaluation of wound healing studies in experimental animals. In the biomechanical tests, the control group showed the lowest load carrying capacity (Mean Load: 4.60 N). The lowest load carrying capacity is also reflected in the histomorphological study in which epithelialization and connective tissue formation were incomplete in this group.
In conclusion, although lower clinical healing appearance, zinc-silver seems to have a better healing capacity in a rat wound healing model due to best histological healing with an increase anti-oxidant induction and a higher load carrying capacity. Healing capacity resulting from NSO lower compared to that of zinc-silver. Further studies are needed to reveal the molecular background of zinc-silver and NSO effects on wound healing, such a complex multifactorial process.
